The DNA papillomaviruses infect squamous epithelium and can cause persistent, benign and sometimes malignant hyperproliferative lesions. Effective antiviral drugs to treat human papillomavirus (HPV) infection are lacking and here we investigate the anti-papillomavirus activity of novel epigenetic targeting drugs, BET bromodomain inhibitors.
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A B S T R A C T
The DNA papillomaviruses infect squamous epithelium and can cause persistent, benign and sometimes malignant hyperproliferative lesions. Effective antiviral drugs to treat human papillomavirus (HPV) infection are lacking and here we investigate the anti-papillomavirus activity of novel epigenetic targeting drugs, BET bromodomain inhibitors.
Bromodomain and Extra-Terminal domain (BET) proteins are host proteins which regulate gene transcription, they bind acetylated lysine residues in histones and non-histone proteins via bromodomains, functioning as scaffold proteins in the formation of transcriptional complexes at gene regulatory regions. The BET protein BRD4 has been shown to be involved in the papillomavirus life cycle, as a co-factor for viral E2 and also mediating viral partitioning in some virus types. We set out to study the activity of small molecule BET bromodomain inhibitors in models of papillomavirus infection. Several BET inhibitors reduced HPV11 E1ˆE4 mRNA expression in vitro and topical therapeutic administration of an exemplar compound I-BET762, abrogated CRPV cutaneous wart growth in rabbits, demonstrating translation of anti-viral effects to efficacy in vivo. Additionally I-BET762 markedly reduced viability of HPV16 infected W12 cells compared to non-infected C33A cells. The molecular mechanism for the cytotoxicity to W12 cells is unknown but may be through blocking viral-dependent cellsurvival factors. We conclude that these effects, across multiple papillomavirus types and in vivo, highlight the potential to target BET bromodomains to treat HPV infection.
Introduction
Papillomaviruses are non-enveloped, small, circular dsDNA viruses which infect squamous epithelium causing benign and sometimes malignant hyperproliferative lesions. There are over 180 human papillomavirus (HPV) types with specific anatomical tropisms for cutaneous or mucosal sites (Howley and Lowy, 2007) . HPV infections usually self resolve, but latent virus can be maintained in basal keratinocytes through low level replication of extrachromosomal genomes (episomes) and when reactivated cause new lesions. Ablative strategies or innate immune activators such as Imiquimod and interferon are employed to treat persistent HPV lesions but these treatments can be painful and recurrence is common (Cirelli and Tyring, 1994; Schofer et al., 2006; Stanley, 2012; Stern et al., 2012; Syrjanen, 1998) . Additionally some HPV types (e.g. HPV16, HPV18 called 'high risk') may integrate into host chromosomes, leading to increased expression of viral oncogenes and cell transformation. HPV is the major cause of cervical cancer, is increasingly associated with head and neck epithelial cancers and whilst vaccination is used to prevent high risk HPV infection therapeutic vaccines are not yet available (Chaturvedi et al., 2011) . Overall there remains a clinical need for effective and safe therapeutics to eliminate persistent papillomavirus infections and ideally with crossstrain activity.
Papillomavirus genomes are complexed with host histone proteins forming chromatin like structure and exhibit dynamic histone modifications at viral promoters indicating epigenetic regulation of viral gene expression (del Mar Pena and Laimins, 2001; Favre et al., 1977; Wooldridge and Laimins, 2008) . In recent years epigenetic targeting drugs have emerged and in this article we evaluate the anti-papillomavirus activity of one such group of compounds, BET inhibitors. The Bromodomain and Extra-Terminal domain (BET) proteins are BRD2, BRD3, BRD4 and BRDT. They share a common domain structure, tandem bromodomains which confer binding to acetylated lysines in histones and non-histone proteins and other regions with adapter function; they act as scaffolds to coordinate recruitment of transcriptional complexes to chromatin thereby regulating gene expression (Chiang, 2009; Filippakopoulos and Knapp, 2012) . Small molecule 'BET inhibitors' were discovered which occupy the BET bromodomains and compete with histone binding Ferri et al., 2016; Filippakopoulos et al., 2010) . These compounds ameliorated pathology in a range of disease models (e.g. cancer, inflammation and fibrosis), highlighting their therapeutic potential and are now in early clinical development (Prinjha et al., 2012; Shi and Vakoc, 2014; Theodoulou et al., 2016) .
BRD4 is intimately involved in the life cycle of papillomaviruses through interaction with the viral E2 protein (reviewed in (McBride and Jang, 2013) . The proteins bind via conserved residues in the c-terminus of BRD4 and n-terminus of E2 (Abbate et al., 2006; Baxter et al., 2005; McBride et al., 1991; Muller et al., 2012) and multiple studies show that BRD4 acts as a transcriptional co-factor for E2 directing permissive or repressive activity (Helfer et al., 2014; Ilves et al., 2006; Lee and Chiang, 2009; McPhillips et al., 2006; Schweiger et al., 2007; Senechal et al., 2007; Wu et al., 2006; Yan et al., 2010) . BRD4 c-terminus is also involved in genome partitioning of Bovine Papillomavirus (BPV1), HPV16 and HPV31 (Abbate et al., 2006; You, 2010; You et al., 2004 You et al., , 2005 . Of note, although BRD4 engages E2 proteins of all papillomaviruses, there are differences in binding strength of these interactions suggestive of varied functions, the alphapapillomavirus E2 proteins bind BRD4 weakly whereas E2 proteins from BPV1, HPV1 and CRPV bind more tightly (Jang et al., 2015; McPhillips et al., 2006) . Additionally recent work showed a phosphorylated region in BRD4 binds E2 of high risk HPVs mediating viral and host gene expression . Lastly BET inhibitor JQ1 was shown to block HPV16 and BPV1 early gene expression in cell lines carrying episomal virus demonstrating that BET bromodomain inhibitors exhibit anti-papillomavirus activity (Helfer et al., 2014) .
The aim of our study was to determine whether BET inhibitors may offer a new therapeutic anti-viral strategy for treating persistent HPV infection and we addressed this using in vitro and in vivo models. We tested several chemically distinct BET inhibitors and chose three papillomaviruses that show contrasting E2-BRD4 binding affinities; alphapapillomaviruses (HPV11 and HPV16) in which E2-BRD4 interactions are weak, and CRPV, a papillomavirus containing an E2 that binds with high affinity to BRD4.
Materials and methods
BET inhibitor compounds
Compounds were synthesized and supplied (> 95% purity) by GlaxoSmithKline (GSK) and the structures are shown in S1. They were I-BET762 (GSK525762A (Nicodeme et al., 2010) ,), I-BET151 (GSK1210151A (Dawson et al., 2011),) and GSK2794033A, all reversible competitive ligands of the tandem bromodomains of BRD2, BRD3, BRD4, and BRDT; and Control-768 (GSK525768A) , an inactive enantiomer of I-BET762 that does not bind the bromodomains due to steric hindrance.
Cells and virus
HPV11 virions were obtained from infected human xenografts grown in athymic mice as previously described (Kreider et al., 1987) . A431 cells were purchased from ATCC (A431-CRL1555). The HPV16 cervical carcinoma cell line W12 (#20850) was obtained from GSK central cell bank. C33A cells were purchased from ATCC (C33A-HTB-31).
HPV11 E1ˆE4 gene expression assay
Anti-viral testing using an in vitro transient infection assay and HPV11 virions was conducted as previously described (Culp and Christensen, 2003; Squiquera et al., 2017) . Media and reagents were from Life Technologies unless specified. A431 cells were maintained in Dulbecco's modified Eagles Medium (DMEM) supplemented with 2 mM Glutamax, NaHC0 3 , Hepes, non-essential amino acids, Na Pyruvate (Quality Biologicals Inc.), antibiotics (Penicillin/Streptomycin) and 10% v/v Foetal bovine Serum (FBS, Atlanta Biologicals). Cells were incubated at 37°C/5% v/v CO 2 . 10 6 A431 cells per well were cultured in DMEM containing 10% v/v FBS in 6-well dishes for 48 h. All subsequent assay steps were conducted in DMEM containing 2.5% v/v FBS. Cells were infected with HPV11 at MOI 150 particles per cell in 1 mL media. 24 h later 1 mL of additional media was added to give a total of 2 mL per well. 48 h post infection fresh media was added containing BET inhibitors or DMSO vehicle (final assay concentration 1% v/v DMSO). 72 h after compound treatment the cell cultures were harvested, lysed with Trizol reagent (Life Technologies) and RNA prepared. Quantitative RT-PCR was conducted to measure viral E1ˆE4 and TATA-binding protein (TBP) transcripts. Amplification of both transcripts was performed using a multiplex format in 50 μL. Reactions were performed in duplicate using 200 ng Total RNA and the Quantitect Probe RT-PCR kit (Qiagen). Amplification efficiencies and relative quantities of viral target cDNA (relative to host reference gene TBP) were determined using REST software™ (Pfaffl, 2001) . Primers and probes were as previously described, primers were synthesized at either the Penn State College of Medicine Core facility or Integrated DNA Technologies (IDT) and probes were purchased from IDT (Culp and Christensen, 2003) . Relative E1ˆE4 expression and Total RNA yield were expressed as % inhibition of infected untreated cells. Significance values were computed using Student T-Test (unpaired, 2 tailed, unequal variance). Samples were each compound n = 3 and DMSO combined from across all the compound assays (n = 9).
To note the kinetics of HPV11 virion entry were previously studied for several different cell lines which showed that complete entry occurred 48 h after addition of virions (Culp and Christensen, 2003) . The infection assay was optimised accordingly to test compounds for antiviral testing and we thus add compounds 48 h after the addition of virions to prevent possible compound effects on binding, uptake and entry (Squiquera et al., 2017) . We have used this assay to test more than 100 compounds for antiviral assessment and have observed that toxic compounds reduce both E1ˆE4 transcripts and Total RNA to similar extents at the same concentration in contrast to antiviral compounds which show marked reductions in E1ˆE4 compared with Total RNA (reference data are shown in S2).
W12 and C33A viability assays
W12 cells were maintained in media (75% v/v DMEM, 25% v/v F12) supplemented with 2.5% v/v FBS, 24 μg/mL adenine, 0.4 μg/mL hydrocortisone, 5 μg/mL bovine insulin, 8.4 ng/mL Cholera toxin and 10 ng/mL epidermal growth factor. They were grown in the presence of murine 3T3 feeder cells treated with mitomycin C. C33A cells were maintained in Eagle's Minimum Essential Media supplemented with 10% v/v FBS.
For viability assays cells were seeded at 15,000 cells per well in black sided, 96 well, flat bottomed, sterile plates and incubated for 30 min at 37°C/5% v/v CO 2 to adhere. Compounds were added to the cells (final assay concentration of vehicle DMSO was 0.3% v/v). Samples were analysed immediately (T0) or incubated at 37°C/5% v/v CO 2 for 2 days.
[ATP] were assayed using CellTitre-Glo (Promega) according to the manufacturer's instructions and read on a PerkinElmer EnVision 2104 Multilabel reader. Data were analysed using Prism 5.0.4 using a non-linear regression curve fit, log (inhibitor) vs. response analysis-variable slope (four parameters).
CRPV cutaneous wart model
We used the rabbit CRPV cutaneous wart model which has been optimised for topical compound testing. We have many years experience with this model and have optimised the infectivity methods to reduce rabbit-to-rabbit and wart-to-wart variability using a delayed scarification technique (Cladel et al., 2008; Christensen et al., 2000) . Antiviral treatments have been standardised for topical treatments using groups of 4 or 5 rabbits and daily application of compounds on left-side papillomas leaving right-side papillomas untreated. These procedures allow dose-response treatments and control for systemic effects of compounds. Some variability in outcome from rabbit to rabbit is still observed, and is likely to reflect the outbred nature of the individual rabbits used in these studies. We have tested over 50 different compounds using the CRPV/rabbit model (Christensen et al., 2000) .
Studies were conducted in accordance with the GSK Policy on the Care, Welfare and Treatment of Laboratory Animals and reviewed and approved by the Penn State University, College of Medicine IACUC (protocol #2010-061). Adult male, New Zealand White rabbits were purchased from Robinson Inc. (North Carolina). On day −3 each rabbit was sedated and 4 sites on the back scarified to an area of 1 cm 2 . On day 0, the rabbits were again sedated, and the scarified sites inoculated with viral DNA as previously described (Cladel et al., 2008) . Two sites received 5 μg/site wild type (wt-) CRPV DNA (L1, R1) and two sites received 5 μg/site mE8CRPV DNA (L2, R2). mE8CRPV is a mutant genome in which the ATG of E8 is mutated to prevent E8 protein expression, leading to slow-growing and small papillomas (Hu et al., 2002) . L1 and L2 sites were treated with drug or vehicle and R1 and R2 sites remained untreated. Dosing started two weeks after infection, when the infection was still subclinical. Drug solution or vehicle was applied to the surface of each wart (100 μL), once daily, for five consecutive days per week for weeks 3, 4 and 5 and four consecutive days per week for weeks 6 and 7. I-BET762 was tested at 3 formulation strengths w/v 0.015%, 0.15% and 1.5% made up in vehicle solution (groups A, B, C respectively). Group D received vehicle solution (60:40 v/v Ethanol:Britton Robinson pH5 buffer). Group E received Cidofovir 0.3% w/v in cremophor during weeks 3 and 4, as a positive control treatment. The primary end point was wart growth rate, determined weekly by measuring the size of warts across 3 axes (length x width x height). Blood was sampled 2 or 3 h following the first dose each week for groups B, C, D and assayed for I-BET762 concentrations. Blood was not sampled for group A since the estimated drug exposure was below the limit of quantification. At the end of the study animals were terminated and wart tissue harvested for histopathology. Data were analysed using a repeated measures analysis of variance model.
Histopathology
CRPV wart biopsy samples were taken at termination and formalin fixed prior to undergoing processing, paraffin wax embedding and sectioning at 5 μm. Sections were stained with Harris Haematoxylin and eosin using standard methods. Macroscopic investigations were undertaken at a magnification of 10x. 2 slides were examined per biopsy sample, and histopathology represented on both treated and untreated papillomas scored.
Results
BET bromodomain inhibitors inhibited HPV-11 E1ˆE4 gene expression in vitro
BET inhibitors (I-BET762 and I-BET151) and an inactive control compound (Control-768) were tested in vitro in an HPV11 infection model. The compound structures and activity in displacing BRD4-histone binding in cells are shown in S1. The expression of reference mRNA TBP was unaltered by compound treatments and thus was used for normalisation of relative gene expression. I-BET762 and I-BET151 reduced E1ˆE4 mRNA expression in a concentration dependent manner, with 3 μM I-BET-762 and 3 μM and 0.3 μM I-BET151 showing marked inhibition (≥88%) (Fig. 1A) . Concurrent cell viability was assessed by quantifying total RNA yield at the end of the assay (Fig. 1B) . Only the top concentration of I-BET151 (3 μM) significantly reduced total RNA yield (34% reduction) in the assay (compared with DMSO treated control) indicating there may be some effect of BET bromodomain inhibition on cell viability at this higher concentration. Control-768 was inactive in the HPV-11 assay as expected. In summary I-BET762 and I-BET151 blocked viral gene transcription at concentrations that did not significantly affect cell viability demonstrating anti-HPV11 activity. Preliminary experiments with a third BET inhibitor also showed antiviral activity in this assay (S3A).
These compounds were next tested in a CRPV E1ˆE4 gene expression assay, preliminary results indicated that they also blocked CRPV E1ˆE4 gene expression without cytotoxicity which encouraged us to employ the CRPV rabbit wart model for a subsequent in vivo investigation (S3B and S4). Of note, we found the 1% v/v DMSO vehicle control showed variable, weak effects on relative E1ˆE4 expression in the HPV11 and Relative HPV-11 E1ˆE4 mRNA and B. Total cellular RNA yields. Assays performed following 72 h treatment with drugs or DMSO vehicle. The plots show mean percent change ± SEM. Percent change was calculated relative to cultures infected with virus alone. Compound Treated samples were each n = 3 and DMSO was n = 9 (composite from all the experiments). Significance relative to DMSO control was determined by Student T-test. ** = p < 0.01, *** = p < 0.001. CRPV assays, albeit differentiated from the strong effects of the BET inhibitors.
Therapeutic topical dosing of I-BET762 reduced wart growth in the CRPV cutaneous wart model
To evaluate the potential of BET inhibitors to treat papillomavirus warts, we tested the effect of topical delivery of I-BET762 in the CRPV cutaneous wart model in rabbits, which has been successfully used to evaluate topical anti-viral drug treatments and vaccines (Christensen, 2005; Christensen et al., 2000 Christensen et al., , 2001 Kreider et al., 1992; Wolfgang et al., 2009) . Dosing was by a therapeutic schedule as illustrated in Fig. 2A . Fig. 2B shows the mean data for treated wt-CRPV warts (L1). The positive control Cidofovir (0.3%) blocked wart growth in all rabbits as expected. 1.5% I-BET762 significantly reduced wart growth from week 5 through to 7. I-BET762 at 0.15% and 0.015% were no different from vehicle control. There was an observed small reduction in mean wart size with 0.015% I-BET762 at week 6, but given this was a single time effect we conclude this was an anomaly. No skin irritancy was observed with I-BET762 treatments. Fig. 2C shows untreated (R1) wt-CRPV warts for each group, these grew progressively and were similar across rabbits, confirming that none of the drug treatments had a systemic effect which impacted wart growth. Since I-BET762-treated warts (1.5%) grew more slowly than the contralateral untreated warts this confirmed a local effect of drug treatment (Fig. 2D) .
We further examined the wt-CRPV warts by histopathology (Table 1  and S5 ). Smaller wart size was consistent with reduced pathological features. Interestingly immune cell infiltrate was still present in the skin of I-BET762 treated warts and it would be valuable to characterise antiviral immunity in future studies. As expected for biological systems, there was variability in the response of rabbits to treatment with 1.5% I-BET762; one rabbit had no visible wart growth, two showed markedly reduced wart growth, two rabbits had low/no response to drug treatments ( Fig. 3 and S6) .
In contrast to wt-CRPV, mE8CRPV warts did not grow sufficiently well in this experiment to enable drug effects to be assessed (S6).
We measured blood concentrations of I-BET762 to assess delivery of drug (S7). Systemic I-BET762 concentrations were detectable on each 
Presence of histopathology features in wt-CRPV papillomas from animals treated with A. vehicle (group D) and B. 1.5% w/v I-BET762 (group C). Examples of pathology are illustrated in S5.
sampling occasion over the duration of the study and were higher in group C than B consistent with the dose strength. As I-BET762 was observed in the blood it was inferred that the target cells in the skin had been exposed to the drug although skin concentrations were not directly measured. Unexpectedly I-BET762 was also detected in some blood samples from animals dosed with vehicle alone. After consideration of all possible operational and analytical factors, the definitive reason for this observation remains unknown, however it is not considered to affect the overall conclusion for efficacy of I-BET762. In summary, these results confirm therapeutic efficacy of topical I-BET762 and to our knowledge this is the first demonstration of a BET inhibitor abrogating papillomavirus infection in vivo.
I-BET762 reduced viability of HPV-16 infected W12 cells in vitro
Episome maintenance is central to persistent papillomavirus infection and we were interested to evaluate whether BET inhibitors may impact this process. We set out to explore this using W12 cells (clone #20850), derived from a low grade cervical intra-epithelial neoplasia (CIN1) and which contains predominantly episomal HPV16 (Gray et al., 2010; Stanley et al., 1989) . However, treatment of W12 cells with I-BET762 lead to loss in cell viability within two days making it unfeasible to study changes in viral load during propagation of the cells (data not shown). W12 cells are immortalized and it has been suggested that they may depend upon HPV16 gene products for survival (Stanley et al., 1989) . We therefore thought the rapid reduction in viability with BET inhibitor treatment could be due to modulation of viral dependent processes e.g. viral gene expression or deregulated host-gene expression. To consolidate this hypothesis we evaluated the specificity for the effects on cell viability, comparing effects on W12 versus an HPV-negative cervical epithelial cell line C33A. Cell viability was measured by ATP concentration.
I-BET762 markedly reduced viability of W12 cells in a concentration dependent manner, with IC50 = 700 nM and 63% reduction at 30 μM (Fig. 4A) and slightly reduced the viability of C33A cells 28% at 30 μM. Control-768 had no impact on viability of W12 or C33A cells, indicating the effects of I-BET762 were mediated by inhibition of the bromodomains. Furthermore, I-BET-762 treatment resulted in W12 cell depletion over two days as the cell viability at the end of the assay was reduced below that at the start (Fig. 4B) , in contrast I-BET762 treated C33A cells continued to proliferate, albeit at a slower rate. Control-768 compound had no effect on the growth of W12 or C33A cells as expected. In summary, these experiments show that cervical epithelial cells lines have differential sensitivity to I-BET762 treatment with W12 cells rapidly dying in the presence of the drug in contrast to the C33A cells which exhibited delayed growth, and we conclude that BET proteins are involved in W12 cell survival.
Discussion and conclusions
We aimed to establish whether BET inhibitors may offer a new therapeutic anti-viral strategy for treating persistent HPVinfection and addressed this using in vitro and in vivo models.
Several BET inhibitors inhibited HPV11 E1ˆE4 gene expression. This effect is consistent with published work using HPV16 and BPV1 replication models, which showed early papillomavirus gene transcription was impaired by treatment with BET bromodomain inhibitor JQ1 (Helfer et al., 2014) . The anti-viral activity we observed with an additional papillomavirus type point to conserved mechanisms. Although we did not monitor viral DNA replication or other viral transcripts, the transient nature of the assay (2 days infection to permit viral entry followed by 3 days of drug treatment) could suggest that the anti-viral effect is post-entry and my potentially target both the initial but limited unlicensed viral DNA replication as well as early viral mRNA expression that occurs when virus particles infect basal keratinocytes (McBride and Jang, 2013) . Interestingly it has been shown that a BET inhibitor blocked replication of EBV both by blocking early viral gene expression and lytic genome replication (Keck et al., 2017) . One model for BRD4 regulation of viral gene expression is via recruitment of host factors such as positive transcriptional elongation factor protein b (P-TEFb) to the viral genome. BRD4 promotes transcription of host genes via pTEFb recruitment, also shown for HPV18 oncogenes and interestingly BRD4 and pTEFb are present on HPV16 and BPV1 episomes (Helfer et al., 2014; Jang et al., 2005; Yan et al., 2010; Yang et al., 2005) . Additionally E2 and P-TEFb compete for the same binding location on BRD4, and E2 repressive functions can depend on BRD4 (McBride and Jang, 2013; Wu et al., 2006; Yan et al., 2010) . Thus the control of viral gene expression is multifaceted. Given that expression from the papillomaviral promoters is contemporaneous with keratinocyte differentiation, extending these compound studies to assays of late viral gene expression and vegetative viral DNA replication using in vitro organotypic raft cultures, would be insightful (reviewed in (Andrei et al., 2010) .
The activity observed with several compounds in the CRPV E1ˆE4 in vitro assay encouraged us to evaluate effects of topical delivery of a BET inhibitor in the CRPV cutaneous wart model in rabbits. We show for the first time in vivo efficacy of a BET inhibitor on papillomavirus infection. 1.5% I-BET762 profoundly impaired wart growth in 3/5 animals, the lack of effect in the contralateral untreated wart confirmed these effects were via the topical delivery route and not through systemic drug levels. Variable responses of warts to treatments in the CRPV rabbit model are not unusual in our experience, most likely due to the outbred nature of laboratory rabbits (Christensen et al., 2000) . Since we used a liquid formulation there may also be opportunity to improve efficacy through optimising PK-PD using alternative formulations such as gels or creams, designed specifically for this molecule and disposition in the skin. From a translational perspective, it would be useful to evaluate whether BET inhibitors have the potential to clear virus from the basal epithelial cells and consequently reduce recurrence rates, which can be explored in the CRPV model (Christensen et al., 2001) . Moreover, these results in vivo complement research demonstrating a critical role for BRD4 in CRPV tumourigenesis; in which mutation of residues R37 and I73 in CRPV E2, essential for BRD4 binding, and expression of a shRNA targeting BRD4, were shown to reduce CRPV tumour formation in vivo (Delcuratolo et al., 2016; Jeckel et al., 2002) .
Additional investigations using the W12 cell line carrying HPV16 episomes, showed these cells were rapidly killed by I-BET 762 treatment in contrast to a non infected cervical epithelial cell line. The mechanism for the cytotoxicity is unknown, but it is plausible that BET inhibition blocked expression of viral and or deregulated host genes in W12 cells, affecting overall cell survival; HPV16 early genes were sensitive to BET inhibition within 15 h of treatment in the W12 clone (20863) used by Helfer et al. (2014) , also E7 expressed in W12 cells may promote expression and/or activity of cellular oncogenes such as cMyc which is a known target gene for BET inhibitors in some cancers (Dawson et al., 2011; Doorbar et al., 1990; Hwang et al., 2002; Wang et al., 2007) . ChIP-Seq has been conducted in E2 transfected C33A cells, demonstrating that cellular BRD4 and BPV1 E2 co-localise to transcriptionally active regions in host chromatin and similar analyses in the W12 cells, if technically feasible (with endogenous BRD4/E2), may elucidate novel viral-host interactions which contribute to stable HPV16 infection and latency (Jang et al., 2009) .
The role BET proteins play in the life cycle of viruses has been explored for other DNA viruses and retroviruses and BET inhibitors show contrasting effects depending on the virus, for example BET inhibitors reactivated HIV in models of latency and blocked EBV early gene expression and lytic genome replication (Banerjee et al., 2012; Keck et al., 2017; Palermo et al., 2011; Weidner-Glunde et al., 2010; Zhu et al., 2012) . Since BRD4/PTEFb dependent activation of HPV oncogenes has been described the effect of BET inhibitors on reducing HPV oncogene expression could also be worthwhile investigating (Yan et al., 2010) .
Oral BET inhibitors are in early clinical development in oncology which should provide insights into the safety and tolerability in humans over the next few years. Still preclinical experiments have shown that a BET inhibitor disrupted spermatogenesis, likely through targeting BRDT (Matzuk et al., 2012) and therefore for treatment of benign HPV infection topical formulations which limit systemic exposure and/or BET bromodomain inhibitors with improved selectivity for BRD4 may be desired.
In conclusion, we show BET inhibitors reduced HPV11 viral E1ˆE4 gene expression in vitro and a topical formulation of I-BET762 abrogated CRPV wart growth in vivo. Additionally I-BET762 exhibited a marked cytotoxicity to HPV16 infected W12 cells, suggesting a hypothesis for BET-regulation of HPV-dependent survival factors. Collectively our results highlight the potential to target BET bromodomains to treat HPV infection. We also describe pharmacological tools to investigate the role of BET proteins and associated epigenetic processes in papillomaviral replication in-situ. Further research in this area could give insights to differentiation from current treatments, for example whether BET inhibitors can clear virus from basal cells and reduce recurrent infection.
Funding
This work was funded in part by the National Institute of Allergy and Infectious Diseases Antiviral testing program, contracts HHSN2722011000005C and HHSN272201000020I (NDC). 
Contributions of authors
